ABSTRACT The steady state transmembrane resting potential difference (V,~) has been measured in quiescent papillary muscles. Vm was determined as a function of the external K concentration in C1 and SO4 solutions and compared with the K equilibrium potential. Other measurements were made after replacement of external Na by choline, K by Rb and Cs, and C1 by SO4, CH3SO4, and NO3. Effects on V,, of albumin, temperature, and variation in internal K concentration are described.
same gas used to oxygenate the solution. A thermistor located in the bath allowed continuous monitoring of the bath temperature. Normally, muscles were allowed to incubate in the chamber for at least 45 minutes, Thereafter, the membrane potential (Vm) was measured with microelectrodes for periods of 2 to 5 hours. Muscles were not stimulated, and spontaneous activity was not observed except transiently in solutions with low K concentrations.
Solutions
The solutions used are listed in Table I . All solutions in the table have the same ionic strength and a p H of 7.2 to 7.4. Determinations of the freezing point depression with the Aminco-Bowman apparatus (American Instrument Company) served to confirm that solutions were isosmolar. Solutions A-D, isosmolar cat Ringer's solutions in which the K concentration was varied by interchange of KC1 for NaC1, were prepared as described by Page and Solomon (1) and saturated with 95 per cent 02, 5 per cent COs prior to use. Saturation with a slntered glass gas dispersion apparatus was required, since residual COs from the gas used to dissolve the precipitated Ca salts was found to alter V,~. Solution A, which will be referred to as the control solution, approximated the Na and K content of cat plasma. Solution E is a chloride medium ([K]o = 2.52 mM) buffered with phosphate only. It was used as the preincubation medium before switching to solution F ([K]o = 5.32 mM) in which NaC1 was replaced by choline C1. The gas used to oxygenate solutions E and F was 100 per cent O~.
In the solutions with differing anionic composition, G-K, C1 was replaced by various anions. Sucrose was added to these solutions until their freezing point depression equaled that of the control solution. The solutions were saturated with I00 per cent 02. Solutions G, H, and I, in which C1 was replaced by SO4, were prepared by substitution of sucrose for Na2SO4 so as to maintain both the osmolarity and ionic strength constant. These solutions were dissolved in a fixed volume in a volumetric flask, shaken with excess CaSO4 as described by Hill and Howarth (3) , and filtered prior to use. I n calculations of the ionic strength the ionized calcium concentration was taken as 1 mM. I n solutions J a n d K the principal anions are NO3 a n d CH3SO4. Hutter a n d Noble (4) found that, unlike SO4, the u n i v a l e n t CH3SO4 does not significantly depress the ionized calcium concentration of the medium. Ca and M g were added to solution K as the nitrate salts.
I n three experiments muscles were perfused with control solution to which bovine serum a l b u m i n had been added after oxygenating the solution. T h e bovine serum a l b u m i n was dialyzed overnight at 4°C against a large volume of control solution to T h e sources of reagents were the following: Bovine serum a l b u m i n , Poviet Products, A m s t e r d a m ; choline C1, E a s t m a n Organic Chemicals; N a C H a S O 4 and K C H s S O , , City Chemical Corporation, New York, New York. T h e CHsSO4 salts were analyzed on a flame photometer for their Na a n d K content a n d found to contain the stated a m o u n t of salt. Concentrated stock solutions were stored in all cases at 4°C, glucose a n d sucrose being added after dilution on the day of the experiment.
Dry weight determinations and analyses for K and Na were performed as described by Page a n d Solomon (1) .
Potential Difference Measurements
Microelectrodes were pulled from Pyrex capillary tubes (Aloe No. 48302) on an instrument similar to that described by Alexander and Nastuk (5). Electrodes were filled by boiling in 3 M KCI for 10 minutes under reduced pressure and then rapidly cooled. Electrodes selected for use had resistances of between 15 and 50 megohms and tip potentials of 10 my or less. After testing, they were stored in saturated KCI and used within 24 hours. Resistances and tip potentials were measured before and after each puncture. Care was taken to puncture only cells at or near the surface of the preparation. Cells were penetrated under microscopic guidance using a de Fonbrune mieromanipulator mounted on a movable screw. The chamber and micromanipulator were placed on a shock-mounted steel plate in a grounded wire cage.
Potential differences were measured between two calomel electrodes immersed in saturated KC1. One calomel electrode was connected to the bathing solution by a Ringer-agar bridge which was inserted into the perfusion chamber through a small hole in the wall. The other calomel electrode made contact with the microelectrode in the electrode holder through a second Ringer-agar bridge. The calomel electrodes were connected to an electrometer (Keithley, model 200B, input impedance 101~ ohms) whose output was recorded on an ink-writing recorder (Varian model G 11A). This recorder could be set to 20 my, 50 my, 100 mv, or 200 mv for a full scale deflection. The recording system was calibrated using a standard input voltage prior to use. The electrometer and recording system were essentially free from drift.
R E S U L T S A N D D I S C U S S I O N
T h e polarity of the measuring system was a r r a n g e d so that a potential negative with respect to the b a t h i n g solution p r o d u c e d an u p w a r d deflection. T h e criteria for a c c e p t a n c e of a m e a s u r e m e n t were a drift of 0.3 m y or less for at least 15 seconds and an a b r u p t u p w a r d deflection from the base line on advancing the electrode or an a b r u p t r e t u r n to the base line on w i t h d r a w i n g it. Such criteria were necessary because the small d i a m e t e r (7 to 13 microns) of the fibers and the rapidly flowing solution r e n d e r e d cell p u n c t u r e sufficiently difficult so t h a t m a n y penetrations did not result in a stable Vm. Electrodes which gave otherwise satisfactory measurements frequently showed a rise in the tip potential after one or m o r e punctures. A d r i a n (6) has stated that use of electrodes with tip potentials m o r e negative t h a n --5 m y m a y result in a r e d u c t i o n of the m e a s u r e d t r a n s m e m b r a n e potential difference. Since application of this criterion would have necessitated rejection of a large n u mber of otherwise a p p a r e n t l y a d e q u a t e measurements, it was decided to reinvestigate the influence of the tip potential on the m a g n i t u d e of V,, in quiescent papillary muscles. T o this end, 214 consecutive satisfactory m e a s u r e m e n t s in n o r m a l cat Ringer's solution were g r o u p e d into those with tip potentials of 0 to -6 mv (113 measurements) and those with tip potentials of -6 . 1 to -15 Inv. The values for V~, in the two groups were 79.9 4-0.5 mv and 80.0 4-0.4 m v (SE). The two groups are not statistically different. Accordingly, although tip potentials were usually less negative than -1 0 mv and often below -6 mv, only measurements with tip potentials more negative than -1 5 mv were excluded from the statistical analysis. The values of Vm in which results were sufficiently time-invariant to be averaged are assembled in Table II . 
T A B L E II STEADY S T A T E M E M B R A N E P O T E N T I A L S IN V A R I O U S S O L U T I O N S

V,, in Normal Ringer's Solution
214 resting potential measurements from 11 muscles at 27-28°C gave a mean value of 80.0 4-0.3 mv in physiological cat Ringer's solution. Although punctures were deliberately made on surface cells, penetration of cells lying deeper within the body of the muscle did not result in a lower V,,. Vm remained constant over a period of 4 to 5 hours, as expected for a tissue which is in a steady state with respect to intracellular ion concentrations. When the temperature of the perfusing solution was raised to 36.5-38°C, Vm rose only to 80.8 4-0.3 mv, a value which is not significantly different from that in the same solution at 27-28°C. In otherwise normal cat Ringer's solutions with 10 gin/liter bovine serum albumin, V,~ rose from its normal value to 83.9 -4-0.7 Inv. The difference is statistically highly significant (P < 0.001). Similar effects have been reported by Kernan (7) for frog sartorius muscle and by Whittembury et al. (8) for Necturus kidney slices. In connection with the effect of albumin, it is of interest i94 THE JOURNAL OF OENERAL PHYSIOLOGY • VOLUME 46 • I962 to recall that this protein was found by Green, Giarman, and Salter (9) to enhance contractility in cat papillary muscle.
The Membrane Potential as a Function of External K and Na Concentrations
In solutions with increased K concentrations particular precautions were necessary to record only from the surface of the preparation. These precautions avoided spuriously high values for Vm obtained by penetrating to cell layers where the cells were as yet incompletely depolarized. When the K concentration of the medium is raised to 50 mM by isosmolar substitution of KC1 for NaC1, the intracellular K concentration remains virtually unchanged (1) . Under these conditions the experimental variation of V,, with [K] o m a y be compared with the behavior of a potassium electrode. Fig. 2 presents the results of such measurements in CI and SO 4 solutions. The straight lines show the theoretical slope of 59.6 mv for a tenfold change in external K concentration at 27.5°C. They are drawn through the point calculated from the analytical values for the internal K concentration at [K]o = 50.0 mu. As in the frog sartorius (6), Purkinje fiber (10), and cat auricle (11), V,, approaches VK, the calculated potassium equilibrium potential, as the external K concentration is raised. The figure also shows that the difference between V,~ and V~ varies with the size of the molecule used to measure the extracellular space required for the calculation of intracellular concentrations. This point will be discussed in the succeeding paper (2).
The progressive departure from the slope for a theoretical K electrode at low external K concentrations which is evident in Fig. 2 is usually attributed to a significant contribution by Na and other ions. The interpretation of the slope at the lowest external K concentrations used is difficult since papillary muscles in 1 mM K solutions m a y not be in a steady state. Such muscles appeared to fall into two populations with respect to the magnitude of V,~, one group ranging from 60 to 80 my and the other from 110 to 117 my. These differences persisted whether the muscle was originally dissected in 1 mM K or in normal cat Ringer's solution. Moreover, muscles with a V,~ of over 100 my showed a tendency for V,~ to rise over a 4 hour period and usually became spontaneously active toward the end of the experiment. O n e approach to the passive Na permeability of the muscle cell membrane is based on the assumptions of the constant field hypothesis of GoldmanHodgkin-Katz (12, 13) (1), have been assumed to remain constant as the external K concentration is raised. This assumption is supported by data presented in the succeeding paper (2) . Table III shows that b is far from constant, increasing approximately tenfold for a tenfold increase in
If b is a physically meaningful quantity, its interpretation depends on whether the variation is predominantly in the K or Na permeability. In frog skeletal muscle Sjodin (14) and Hodgkin and Horowicz (15), also using the constant field approximation, found the K permeability, PK, to remain fairly constant over a concentration range similar to that used here. Potassium flux measurements in papillary muscles (16) have shown PK to remain constant at external K concentrations of from 1 to 50 raM. The striking increase in PN~ following depolarization with KC1 in this tissue is therefore in the same direction, although not as large, as the permeability change for a similar depolari- zation under a voltage clamp in squid giant axon (17) and of the first portion of the action potential of a Purkinje fiber (10) . It is instructive to follow the change in V,, when the state described by Equation 1 is disturbed by substituting for Na, at constant [K] o, a cationlike choline, to which the membrane is more permeable than to Na (2). Immediately after replacement of the external Na by choline, before a significant entry of choline or movement of other ions has occurred, the membrane potential of surface ceils would be given by
in which Pohol, the choline permeability, and [aohol] o, the external choline activity, replace P~a and [Na] o in the full equation of Goldman-HodgkinKatz (12, 13) . Psa[asa]~ is very small. Moreover, Pc1 is probably also small, as was suggested by the conductance measurements of Hutter and Noble (18) and as will be confirmed by the SO 4 substitution experiments of this paper.
Since [aoho~] o is chosen equal to [an,] o, V,, will depend on the ratio Poho~/P~,, assuming P,~ is unchanged by the substitution of choline for Na. Equation 2 predicts that V~ will fall by 40 mv for Pchol/PNa = 10. Fig. 3 shows the effect of replacing all the Na in the external solution by choline in an experiment representative of the five carried out. The external K concentration was simultaneously changed from 2.5 to 5.3 raM, a procedure which in the presence of Na yields the physiological V,, of 80 my. At the time of changing to choline Ringer's solution, the agar bridges were changed to choline Ringer bridges, between which there was no significant junction potential with the microelectrode in the choline Ringer's solution. In two of these experiments atropine sulfate (Merck), 20 mg/liter was added to exclude specific effects due to a possible cholinergic action of choline. Fig. 3 demonstrates that removal of Na resulted in an abrupt fall of V~ from its normal value followed by a progressive decline. The phenomenon was reversible on return to the Na solution. The presence of atropine did not appear to affect these results. The abruptness of onset of this effect of choline substitution resembles the rate of onset of changes in the action potential of calf myocardium in choline solutions, as described by D~l~ze (19) . It differs from the delayed effects found by Coraboeuf and Otsuka (20) in guinea pig ventricles.
V,. and the Internal K Concentration
A relation between V~ and the internal K concentration when the external K concentration is constant is apparent during the period of recovery from the effects of cooling which occurs in the preparation of the muscle at 21-22°C. In the Ist hour after transfer from the dissection chamber to the perfusion apparatus (temperature 26.5-28°C), V,~ in normal Ringer's rises 20 to 30 mv before stabilizing at its steady state value. In order to correlate this effect with net movements of K and Na, ten papillary muscles were removed from the heart in the dissection chamber without further incubation. Their total K and Na contents were compared with those of an additional series of muscles which were incubated in the perfusion apparatus of Page and Solomon (1) for 1 hour. The results of the analysis (expressed as micromoles per milligram dry weight) were: for the incubated muscles, K = 0.38 4-0.01, Na --0.23 4-0.01; for the unincubated muscles, K --0.32 4-0.01, Na --0.31 4-0.02. Since the extracellular K is a negligibly small fraction of the total K, these figures indicate an exchange of cellular Na for K. The finding that cellular K rises concomitantly with V,~ does not show whether the change in V,~ or the increase in cellular K is the primary event. The occurrence of a simultaneous extrusion of cellular Na against the electrochemical gradient and the apparent relation to rewarming suggest that an active transport mechanism is involved.
Effect o / R b and Cs Substitution
Five experiments were undertaken in each of two solutions identical with solutions A and D, except that the entire KCI content of these solutions was replaced by RbC1. Muscles were first incubated in control solution; K was then replaced by R b and the time course of V,, followed. In solutions with 5.32 mM Rb, V~ fell over a period of 1 to 3 hours to levels of 50 to 70 my; a wide variation in V,, was observed in different muscles, with no clear cut indication that a new steady state was attained. This behavior differs from that of muscles preincubated in 5.32 mM K control solution and subsequently perfused with a solution containing 50 m i Rb, in which V,, fell to a reproducible level within 15 minutes. The V,, of 24.1 4-0.2 m y in 50 mM R b solution is to be compared with that of 24.9 4-0.2 m y in 50 mM K solutions. This comparison indicates that in papillary muscle, unlike in frog sartorius (14) , high external R b concentrations depolarize at least as effectively as K. In experiments in which 5.32 mM of CsC1 was substituted for KC1, the muscle became spontaneously active. Spontaneous activity had previously been observed at 1 rnM [K] o, so that the muscles in Cs solutions behaved as in a low K solution. This result indicates that Cs, unlike Rb, cannot depolarize as effectively as K. Table II shows that V,, in SO ~ solutions is slightly greater than in CI solutions for all external K concentrations tested. As pointed out by Adrian (6), one might expect V,~ in SO 4 solutions to be higher because of the somewhat smaller activity of K in SO 4 as compared to C1 solutions. However, the rather small observed differences in SO 4 solutions might be related to their lower Na and ionized Ca concentrations and to the fact that they were saturated with O 2 rather than with a 5 per cent CO 2, 95 per cent O 2 mixture. In any case, the results in C1 and SO 4 solutions agree sufficiently well to support the conclusions of Hutter and Noble (18) and of Carmeliet (21) . These workers, who made conductance measurements on various heart muscle preparations including cat papillary muscle, concluded that C1 contributes relatively little to Vm in the resting state.
Contribution of Anions to V,,
Measurement of the freezing point depression, combined with flame photometric determination of K, suggests that a significant fraction of the KCH3SO 4 salt is present in solution as the undissociated salt. The resultant lowering of the activity of ionized K may account for the significantly higher value of Vm in these solutions. Moreover, the ionic strength of these solutions should be less than that calculated assuming all of the salt to be ionized.
The membrane potential measurements of this paper are in general agreement with the conclusions of Page and Solomon (1) and of Page (2) based on
